INTRODUCTION {#SEC1}
============

DNA Polymerase ζ (Pol ζ) is the only B-family translesion DNA synthesis (TLS) polymerase, required for the bypass of a large variety of DNA lesions that impair replication fork progression ([@B1],[@B2]). Unlike other high-fidelity B-family replicative polymerases, REV3, the catalytic subunit of Pol ζ, has no proofreading function due to the lack of an intrinsic 3′-5′ exonuclease activity ([@B3]). Consequently, REV3 shows relatively low fidelity and is responsible for the generation of the vast majority of spontaneous and DNA damage-induced mutations in eukaryotic cells ([@B4]).

The human homolog of REV3, encoded by the *REV3L* gene, contains 3130 residues, which is about twice the mass of its yeast counterpart ([@B8]). Of note, a spacer region between the highly-conserved N-terminal domain (1--333 a.a.) and the C-terminal polymerase domain (2276--3130 a.a.) has been massively expanded from ∼280 a.a. in yeast REV3 to ∼2000 a.a. in human REV3L ([@B9]). The functional relevance of this region in human REV3L remains largely elusive. Besides two adjacent binding motifs for REV7 ([@B10]), an accessary subunit of Pol ζ, and a positively charged domain that is conserved among vertebrate REV3 orthologs, the inserted sequences consist of mostly unstructured and low complexity segments without defined function ([@B9]). Intriguingly, while REV3 is dispensable for survival and proliferation in yeast ([@B15]), depletion of REV3L severely impairs normal cell proliferation, genome stability, and embryogenesis in mammals ([@B16]). A concerted evolution of both REV3 structure and function suggests a functional significance of the expanded sequences within the central domain of human REV3L, but this significance has not yet been determined.

Although REV3L is critical for cells to survive from deleterious DNA lesions resulting from various endogenous and environmental sources ([@B8],[@B9],[@B23],[@B25]), its error-prone polymerase activity may pose a severe threat to genome integrity and needs to be tightly controlled. However, the mechanism by which the activity of REV3L is modulated remains enigmatic. Here, we describe an unexpected role of a site-specific proteolytic event in preventing ubiquitination and proteasome-mediated degradation of human REV3L and its significance for REV3L to function in response to UV and cisplatin-induced DNA lesions in human cells. These findings not only uncover a novel post-translational processing event of human REV3L, but more importantly, shed new light on the exquisite mechanisms by which the activity of an error-prone polymerase is modulated in human cells.

MATERIALS AND METHODS {#SEC2}
=====================

Plasmids and reagents {#SEC2-1}
---------------------

To generate the targeting construct (\#1) for integrating a 3xFLAG tag sequence immediately upstream to the start codon of the *REV3L* gene, a fragment consisting of sequences encoding a puromycin *N*-acetyl-transferase (Puro), a self-cleaving 2A peptide and a 3xFLAG tag in tandem, flanked by 1.6- and 2.0-kb genomic DNA fragments surrounding the start codon of the human *REV3L* gene, was cloned into the pBlueScript-KSII vector (Figure [1A](#F1){ref-type="fig"}). To generate the targeting construct (\#2) for inserting a tetracycline (tet)-inducible promoter 5′ to *REV3L*, sequences between the two pieces of genomic DNA fragments in targeting construct \#1 are replaced by a fragment carrying a *Hygromycin-B-phosphotransferase* (*hyg*) gene, a 3xpoly-adenylation signal (3xPA), a tet-inducible promoter (P~tet~) and the sequences encoding 3xFLAG tag ([Supplementary Figure S9D and E](#sup1){ref-type="supplementary-material"}). To generate the targeting construct (\#3) for introducing defined mutations in exon thirteen of *REV3L*, a fragment consisting of two splice acceptor sites, the sequences encoding a 2A peptide, a Puro expression cassette and the sequences of a 3xPA signal, flanked by two *loxP* sites and ∼1.5-kb genomic DNA fragments surrounding the twelfth intron of the *REV3L* gene (Figure [5G](#F5){ref-type="fig"}, [Supplementary Figure S9A--C](#sup1){ref-type="supplementary-material"}), was cloned into the pL452 vector. Oligonucleotide pair \#1 (F: CACCGCTGCCGGG-TCGCCAGTGAA, R: AAACTTCACTGGCGACCCGGCAGC) was cloned into pX330 (from Feng Zhang\'s lab, MIT) ([@B31]), generating pX330-REV3L-N for expression of both Cas9 and a guide RNA (gRNA) that targets Cas9 to a region immediately upstream to the start codon ATG of the *REV3L* gene. Oligonucleotide pairs \#2 (F: CACCGTAACTGAGGTAT-AGAAAGAC, R: AAACGT CTTTCTATACCTCAGTTAC) and \#3 (F: CACCGGAACT-GCAGATGAAAATAG, R: AAACCTATTTTCATCTGCAGTTCC) were cloned into pX335-neo (modified from pX335 vector from Feng Zhang\'s lab, MIT) ([@B31]), generating pX335-neo-REV3L-D525A-Mut-1 and pX335-neo-REV3L-D525A-Mut-2 constructs, respectively, for expression of both the D10A mutant nickase version of Cas9 (Cas9n) and a pair of offset gRNAs complementary to opposite strands of the sequences encoding TASP1 cleavage site in the *REV3L* gene (Figure [5A](#F5){ref-type="fig"}). Oligonucleotide pair \#4 (F: CACCGAAAAA-TGAGGTTTTCGCATT, R: AAACAATGCGAAAACCTCATTTTTC) and \#5 (F: CACC-GATTTTGAGGCTAGGCGCT C, R: AAACGAGCGCCTAGCCTCAAAATC) were cloned into pX330, generating pX330-REV3L-D525A-Mut-1 and pX330-REV3L-D525A-Mut-2 constructs, respectively, for expression of both Cas9 and a pair of gRNAs that target Cas9 to two individual regions within the twelfth intron of the *REV3L* gene.

![Human REV3L is proteolytically cleaved in a sequence-dependent manner. (**A**) Schematic of gene targeting strategy. A puromycin-selection cassette (Pu), a 2A peptide (2A) and a 3xFLAG tag (3F) are indicated. (**B**) Genotyping by genomic DNA PCR. Locations of PCR primers are indicated in (A). (**C**) Growth curve of HCT116 and its derivative HCT116-3F-REV3L (clone \#4--8) cells. (**D**) Time course of accumulation and clearance of UV-induced RPA foci. For each cell line at each time point at least 100 cells were counted. Error bars in (C) and (D) represent standard deviations from three independent experiments. Diamond, HCT116 cells. Square, HCT116-3F-REV3L cells. **(E)** Expression of 3xFLAG-tagged REV3L and β-actin was monitored by western blot in HCT116 cells and the genotyping-positive HCT116-3F-REV3L colonies. A band migrating at 70-kDa is indicated by an asterisk. (**F**) Depletion of REV3L in the positively-targeted cells by shRNA virion transduction. Seventy-two hours after infection, cells were assayed for the indicated mRNAs and proteins by RT-PCR (top panel) and western blot (bottom panel), respectively. Serial dilutions of the total RNAs and the whole cell lysate from the control shRNA (shNTC)-infected cells were used to quantify depletion efficiency of the *REV3L* mRNAs and proteins, respectively. Dilution factors are indicated. (**G**) Immunoprecipitation of the 70-kDa fragment by anti-FLAG antibody-conjugated M2 agarose. Anti-mouse IgG-coated agarose was used as the control. The eluted proteins were analyzed by western blot using an antibody against FLAG tag. (**H**) C-terminal-truncated REV3L-N1 is proteolytically cleaved in transient-transfection assays. Top panel: Schematic of the 3xFLAG and HA doubly-tagged REV3L-N1 truncation. Whole cell lysates were assayed for 3xFLAG-tagged (IB: anti FLAG) and HA-tagged (IB: anti HA) REV3L-N1 proteins by western blot. β-actin was detected as a loading control. Vec, vector. N1, REV3L-N1. Orange box represents a 3xFLAG tag. Purple box represents an HA tag. (**I**) The N-terminal cleavage product of endogenous REV3L exists in human cells. HCT116 and IGR-OV1 cells were transduced by either control (shNTC) or REV3L (shREV3L) shRNAs for 3 days. REV3L-N70 was monitored by western blot using an antibody against the N-terminus of the endogenous REV3L protein (top panel). β-actin was detected as a loading control (bottom panel).](gkaa096fig1){#F1}

Human *TASP1* cDNA was cloned from HeLa cell cDNAs and inserted into the eukaryotic expression vector pcDNA3 (Invitrogen) and the N-terminal glutathione-S-transferase (GST)- and C-terminal 8xhistidine (His8) doubly-tagged bacterial expression vector pREST-GH. Human *REV3L* cDNAs were a generous gift from Dr C. Lawrence (University of Rochester Medical Center, Rochester, NY). Full-length and truncated *REV3L* cDNA variants were amplified by PCR and inserted into the modified pcDNA3 vectors that contain a Puro expression cassette and various tags as indicated in the text. PCR fragments, encoding REV3L a.a. 327--553 derived from either wild-type or different cleavage-deficient REV3L mutants, were inserted into a modified pREST-A vector containing sequences encoding an N-terminal GST tag. *TASP1* and *REV3L* mutants were generated by PCR-mediated site-directed mutagenesis. All the constructs were verified by DNA sequencing. Details of plasmid construction are available upon request.

Oligonucleotides and commercial antibodies used in this study are described in [Supplementary Tables S1 and S2](#sup1){ref-type="supplementary-material"}. A mouse monoclonal antibody against a REV3L fragment (residues 327--553) was developed in the lab. The specificity of the lab-made REV3L antibody was verified in REV3L-depleted cells ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). Glycerol stocks of shRNAs were obtained from the Sigma Mission library. All other reagents were Sigma-Aldrich products unless noted.

Cell culture, transfection and lentivirus-based transduction {#SEC2-2}
------------------------------------------------------------

Human embryonic kidney (HEK) cell line 293 (Life Technologies) and HeLa cells (ATCC) were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum (FBS, PAN Biotech, Germany) and 2 mM GlutaMAX (Life Technologies) at 37°C with 5% CO~2~. HCT116 cells (ATCC) were maintained in Iscove\'s modified Dulbecco\'s medium (IMDM) supplemented with 10% FBS and 2 mM GlutaMAX at 37°C with 5% CO~2~. Cell lines used in this study are described in [Supplementary Table S3](#sup1){ref-type="supplementary-material"}.

For transient transfection in HEK293 cells, cells were transfected using a calcium phosphate method and harvested for subsequent functional analyses 36 h after transfection. For stable transfection, linearized expression constructs were transfected into cells using Lipofectamine 3000 reagent following the manufacturer\'s instructions (Life Technologies). Stable transfectants were selected in medium containing 800 μg/ml G418 or 300 ng/ml puromycin (Life Technologies) for 2 weeks. Transfection of siRNAs into HeLa cells by Lipofectamine 2000 was conducted following the manufacturer\'s instructions (Life Technologies).

Lentiviruses were prepared following the Lentiweb Protocol ([https://www.addgene.org/protocols/lentivirus-production/](https://www.addgene.org/)). Virus was collected 48 h after transfection, filtered through a 0.4-μm membrane, and used directly to infect cells in the presence of 8 μg/ml polybrene.

CRISPR/Cas9-mediated targeting in HCT116 cells {#SEC2-3}
----------------------------------------------

To generate the endogenously N-terminal-tagged 3xFLAG-REV3L lines in HCT116 cells, the targeting construct \#1 and the pX330-REV3L-N plasmid were transfected together into HCT116 cells using Lipofectamine 3000 reagent. The cells were selected in medium containing 300 ng/ml puromycin for 12 days. Clones were screened by genomic DNA PCR using primers flanking the gRNA targeted region and by western blot for FLAG-tagged REV3L on whole cell lysates. The precise integration of the 3xFLAG-encoding sequences to the 5′-end of the coding region of the *REV3L* gene was further verified by directly sequencing the PCR fragments amplified from genomic DNA.

To generate *REV3L* conditional knockout HCT116-R-3F-REV3L cells, the targeting construct \#2 and the pX330-REV3L-N plasmid were transfected together into HCT116 cells essentially as described above. The cells were selected in medium containing 300 μg/ml hygromycin B for 12 days. Positive clones, both homozygously and heterozygously targeted, were selected as described in the text.

To generate cleavage-deficient HCT116-3F-REV3L-TD-mut cells, the single-stranded donor oligonucleotides (ssODN), and the pX335-neo-REV3L-Mut-1 and -Mut-2 plasmids were transfected into HCT116 cells together as described above. Cells were subsequently selected in medium with 800 μg/ml G418 for 3 days and then continuously grown in regular medium for ten more days. Clones were screened for incorporation of the defined mutations at both alleles by BanI restriction enzyme digestion of the PCR fragments amplified from genomic DNA. Successful sequence conversion was further verified by sequencing the corresponding PCR products directly.

The HCT116-3F-REV3L-D525A-Mut(het) cell line was generated by two steps (Figure [5G](#F5){ref-type="fig"}). First, the 3′ half of the twelfth intron and the thirteenth exon of the *REV3L* gene in the heterozygous HCT116-3F-REV3L cells was substituted with a fragment containing a splice acceptor site and a Puro expression cassette, flanked by two *loxP* sites, a second splice acceptor site and a mutated exon thirteen of the *REV3L* gene bearing defined point mutations via CRISPR/Cas9-mediated homologous recombination as described above. The Puro expression cassette in the positive colony was subsequently excised by transient expression of Cre recombinase. Precise splicing of the RNA transcribed from the mutant *REV3L* allele was verified by directly sequencing the RT-PCR fragments.

HCT116-R-3F-REV3L-CI-mut(het) cells were generated by sequentially inserting defined mutations into the thirteenth exon of one *REV3L* gene and then a tet-inducible promoter 5′ for the second *REV3L* gene in HCT116 cells (Figure [8A](#F8){ref-type="fig"}). Transfection and screening were performed essentially as described above for generating HCT116-R-3F-REV3L and HCT116-3F-REV3L-D525A-mut(het) cells, respectively.

DNA, RNA, protein analyses {#SEC2-4}
--------------------------

Genomic DNA and total RNA purification, PCR, RT-PCR and western blot were performed as described ([@B32]).

Recombinant protein expression and purification {#SEC2-5}
-----------------------------------------------

GST, GST-tagged REV3L-N5 derivatives (WT/D525A/G526A/TD527,529AA) and GST-His doubly-tagged TASP1 proteins (WT and mutant) were expressed in *Escherichia coli* grown at 18°C in the presence of 0.1 mM IPTG. Sixteen hours after induction, bacteria were collected, washed with ice-cold PBS, and then suspended in lysis buffer containing 50 mM Tris--HCl (pH 7.9), 100 mM NaCl, 10% glycerol, 0.5% NP40, 1 mM DTT and 0.5 mM PMSF. Cells were disrupted by sonication at 20% continuous setting for 5 s 40 times with a 10 s incubation on ice between bursts, and the lysates were centrifuged at 16 500 × *g* for 20 min at 4°C.

For purification of GST and GST-tagged REV3L-N5 derivatives, the supernatant was loaded onto a glutathione Sepharose 4B column and eluted with buffer containing 50 mM Tris--HCl (pH 8.0), 150 mM NaCl, 0.2% NP40 and 20 mM reduced glutathione. The eluted proteins were dialyzed against buffer containing 50 mM Tris--HCl (pH 7.9), 100 mM NaCl, 0.2 mM EDTA, 0.5 mM DTT and 20% glycerol. Protein aliquots were stored at −80°C.

A tandem two-step affinity purification was applied to purify the GST-His8 doubly-tagged proenzyme of TASP1 and its mutant. For this, the cell lysates were first loaded on the glutathione Sepharose 4B column as described above. After washing the GST-resins with lysis buffer and PreScission Protease cleavage buffer \[50 mM Tris--HCl (pH 7.9), 150 mM NaCl, 5 mM β-mercaptoethanol, 0.5 mM PMSF, 0.5% NP40\], on-column PreScission Protease cleavage was performed overnight at 4°C. The flow-through was collected and loaded on a Ni-NTA resin column (Qiagen) in the presence of 50 mM Tris--HCl (pH 7.9), 150 mM NaCl, 0.5% NP40, 15 mM imidazole and 5 mM β-mercaptoethanol. The captured proteins were eluted with buffer containing 20 mM Tris--HCl (pH 7.9), 500 mM NaCl, 10% glycerol, 500 mM imidazole and 1 mM DTT. The eluted proteins were dialyzed against buffer containing 50 mM Tris--HCl (pH 7.9), 20 mM KCl, 0.2 mM EDTA, 5 mM DTT and 20% glycerol. Protein aliquots were stored at −80°C.

TASP1 *in vitro* cleavage assay {#SEC2-6}
-------------------------------

An *in vitro* cleavage assay was performed essentially as described ([@B33]). 1.8 μg recombinant protein (GST or GST-REV3L-N5 derivatives) was incubated with the indicated amount of purified WT or mutant TASP1 protein in a volume of 20 μl of reaction \[100 mM HEPES (pH 7.9), 5 mM MgCl~2~, 20 mM KCl, 5% glycerol, 5 mM DTT\] at 37°C for various times as indicated in the text. Reactions were stopped by rapidly mixing with 6.5 μl of 4× loading buffer \[200 mM Tris--HCl (pH6.8), 8% SDS, 0.2% bromophenol blue, 40% glycerol\] and incubating at 70°C for 10 min. The heat-inactivated reactions were resolved on a 10% SDS-PAGE gel and analyzed by colloidal blue staining or Coomassie blue staining.

UV-induced RPA nuclear focus assay {#SEC2-7}
----------------------------------

Cells were seeded on coverslips coated with 0.01% poly-[l]{.smallcaps}-lysine 24 h before UV irradiation. The culture medium was removed and cells in a 35-mm dish were exposed to 254-nm UV irradiation from a low-pressure mercury lamp (G8T5, Sankyo Denki). The dose rate was measured using a UVX Radiometer (UVP) equipped with a 254-nm detector. Samples for comparison in each panel were treated identically. RPA nuclear foci were detected as described ([@B34]). A Ni-E (Nikon) microscope connected to a Zyla sCMOS (VDG-152V-C1E-FI) digital camera (Andor) and run by NIS-Elements AR software (Nikon) was used for image acquisition.

Immunoprecipitation and denaturing His-ubiquitin pull down {#SEC2-8}
----------------------------------------------------------

For denaturing anti-FLAG immunoprecipitation, cell pellets were suspended into one packed cell volume (PCV) of 8 M urea lysis buffer \[8 M urea, 100 mM Tris--HCl (pH 7.5), 1% Triton X-100\]. The cell suspension was forced through a 21 gauge needle 10 times and subsequently rotated at room temperature for 30 min. The lysate was subjected to nuclease digestion by adding two PCV of nuclease digestion buffer \[50 mM Tris--HCl pH7.5, 0.02% Triton X-100, 4 mM MgCl~2~\] with 100 U/ml benzonase (Sigma). After a 30-min incubation at room temperature, the lysate was mixed with four PCV of dilution buffer \[50 mM Tris--HCl, 1% Triton X-100, 360 mM NaCl\] and incubated with anti-FLAG antibody-conjugated M2-agarose beads (Sigma) overnight at 4°C. Immunoprecipitants were washed five times with wash buffer \[50 mM Tris--HCl pH 7.5, 1 M urea, 500 mM NaCl, 0.1% NP40, 0.2 mM EDTA\] before being resolved by SDS-PAGE and immunoblotted with indicated antibodies.

For identification of immunoprecipitants by mass spectrometry (MS) analyses, the immunopurified polypeptides were eluted with the 0.2 mg/ml 3xFLAG peptide in elution buffer \[50 mM Tris--HCl (pH 7.5), 150 mM NaCl, 0.5% Triton X-100, 0.2 mM EDTA\] and resolved on a 4--20% gradient SDS-PAGE gel for colloidal blue staining analysis. A band at 70 kDa was cut out from the gel and subjected to MS analysis. Protein identifications by LC-MS/MS were performed at Beijing Protein Innovation and at the Proteomics Facility of the National Institute of Biological Sciences (NIBS), Beijing.

For co-immunoprecipitation (Co-IP) of endogenous 3xFLAG-REV3L-associated nuclear proteins, nuclei of HCT116-3F-REV3L cells were prepared as described ([@B35]). The isolated nuclei were suspended into RIPA buffer \[45 mM HEPES (pH 7.9), 450 mM NaCl, 1% Triton X-100, 1 mM DTT, protease inhibitor cocktail (Sigma)\] and subjected to sonication at 15% continuous setting for 5 s three times with a 30-s incubation on ice between bursts. The lysate was diluted by adding three volumes of buffer containing \[45 mM HEPES (pH 7.9), 1 mM DTT, protease inhibitor cocktail (Sigma), 2 mM MgCl, 1 mM CaCl~2~, 100 U/ml Benzonase, 50 μg/ml RNaseA\]. After incubation at 4°C for 30 min, the lysate was centrifuged at 16 500 × *g* for 10 min at 4°C. The supernatant was collected and mixed with washed anti-FLAG antibody-conjugated M2-agarose beads (Sigma) overnight at 4°C. Captured proteins were eluted with buffer containing 20 mM HEPES (pH 7.9), 500 mM NaCl, 1% Triton X-100, 0.2 mM EDTA and 0.2 mg/ml 3xFLAG peptide and subjected to MS analysis.

For reciprocal Co-IP of tagged-REV3L truncations transiently expressed in HEK293 cells, cells were harvested 48 h after transfection. The whole cell extract was prepared and subjected to anti-FLAG or anti-HA immunoprecipitation essentially as described above.

For the denaturing His-ubiquitin pull-down assay, cells were transfected with plasmids expressing His8-tagged ubiquitin or ubiquitin mutants. Twenty-four hours post-transfection, cells were treated with MG132 (10 μM for 10 h) and then subjected to the purification of His8-tagged proteins by Ni-NTA beads (Qiagen). The cell pellet was lysed in buffer containing 6 M guanidine hydrochloride, 0.1 M Tris--Cl (pH 7.4), and the lysate was then incubated with Ni-NTA beads for 3 hrs at room temperature. The beads were washed with buffer containing 8 M urea, 100 mM Tris--HCl (pH 7.4), 1% NP40, 1 M NaCl and 20 mM imidazole, and the ubiquitin-conjugated proteins were analyzed by immunoblot.

*SupF* mutagenesis assay {#SEC2-9}
------------------------

The *supF* shuttle vector-based mutagenesis assay was performed essentially as described ([@B36]). Briefly, the corresponding HCT116 derivatives were transfected with mock-treated or UV-C-irradiated pSP189 shuttle plasmids. Two days after transfection, the plasmids were retrieved using a DNA miniprep kit (Tiangen, China). The purified plasmids were digested with *Dpn*I (NEB, 4 h, 37°C) and subsequently transformed into MBM7070 *E. coli*. Transformants were selected on LB plates containing 10 mM IPTG, 20 mg/ml X-gal and 80 μg/ml ampicillin. The mutation frequency was calculated as the ratio of white colonies (mutant) to total colonies.

RESULTS {#SEC3}
=======

A proteolytic event of human REV3L {#SEC3-1}
----------------------------------

To facilitate identification of REV3L and rapid purification of REV3L-associated proteins, we established a human HCT116 cell derivative, named HCT116-3F-REV3L, in which the 3xFLAG tag coding sequence was inserted 5′ to *REV3L* in-frame by CRISPR/Cas9-mediated chromosomal integration (Figure [1A](#F1){ref-type="fig"}). Colonies that had undergone homologous recombination on both alleles of the *REV3L* gene were identified by genomic DNA PCR (Figure [1B](#F1){ref-type="fig"}). The precise integration of the 3xFLAG tag sequence immediately upstream to the *REV3L* coding region was confirmed by sequencing the corresponding region in the genome ([Supplementary Figure S1A and B](#sup1){ref-type="supplementary-material"}).The inserted exogenous sequences slightly increase the steady levels of the *REV3L* mRNA (∼50%) in HCT116-3F-REV3L cells in comparison with those in its parental HCT116 cells ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}).

Depletion of REV3L significantly impairs cell growth in HCT116 cells ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}, Figure [1F](#F1){ref-type="fig"}, top panel). Indicative of a competent function of 3F-REV3L, the growth rate of HCT116-3F-REV3L cells is comparable to that of parental HCT116 cells (Figure [1C](#F1){ref-type="fig"}). Importantly, the kinetics of formation and clearance of UV-induced replication protein A (RPA) foci, an indicator for single-stranded DNA (ssDNA) regions at the stalled replication forks ([@B37]), in HCT116-3F-REV3L cells is indistinguishable from those of parental HCT116 cells (Figure [1D](#F1){ref-type="fig"}). REV3L is an indispensable TLS DNA polymerase involved in bypassing UV-induced DNA lesions in human cells ([@B26]) ([Supplementary Figure S10A and S10B](#sup1){ref-type="supplementary-material"}). Since 3F-REV3L is the only expressed REV3L protein in HCT116-3F-REV3L cells, we conclude that 3F-REV3L fully complements the function of REV3L required for cell growth and cellular response to UV damage in HCT116 cells.

Consistent with a precise fusion of a 3xFLAG tag to the N-terminus of REV3L, an antibody against the FLAG tag detects a protein appropriate for the full-length 3F-REV3L (migrates at ∼350-kDa) from the lysates of HCT116-3F-REV3L cells, but not from those of parental HCT116 cells (Figure [1E](#F1){ref-type="fig"}, right panel). Remarkably, the anti-FLAG antibody simultaneously recognizes a ∼70-kDa fragment in much larger quantities than the full-length REV3L in the lysates of HCT116-3F-REV3L cells (Figure [1E](#F1){ref-type="fig"}). Several lines of evidence indicate that the 70-kDa fragment is a truncation product of 3F-REV3L. First, in contrast to the cells expressing the control shRNA (shNTC), the amount of the 70-kDa fragment is markedly decreased in HCT116-3F-REV3L cells expressing the shRNA specifically targeting the *REV3L* gene in a dose-dependent manner (Figure [1F](#F1){ref-type="fig"}, bottom panel, lanes 5--7 in comparison with lane 4). Second, the 70-kDa fragment is specifically immunoprecipitated by an anti-FLAG antibody under a denaturing condition (in the presence of 1 M urea), whereas no signal is detected when mouse IgG is used for immunoprecipitation in parallel (Figure [1G](#F1){ref-type="fig"}). Third, by employing MS analysis, we identified 45 tryptic fragments from the immunoprecipitated 70-kDa fragment, which map to a region from residues 34 to 398 in REV3L ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). This 70-kDa fragment is referred to as N70 in the subsequent experiments.

Of note, while the steady-state levels of N70 are much more abundant than those of the 350-kDa full-length REV3L in HCT116-3F-REV3L cells, we failed to detect any alternative mRNA isoform that might encode N70. Consistently, no relative mRNA isoform could be deduced from two published HCT116-derived poly(A)+ RNA sequencing (RNA-seq) libraries (The ENCODE Project Consortium 2012, ENCSR000CWM). These facts raised the possibility that N70 is a product resulting from post-translational cleavage. To test this hypothesis, an N-terminal 3xFLAG and C-terminal HA doubly-tagged reporter, which contains the sequences encoding the extreme N-terminal 961 residues of REV3L (theoretical molecular mass, 107.8-kDa, referred to as REV3L-N1, Figure [1H](#F1){ref-type="fig"}), was transiently expressed in HEK293 cells. A 130-kDa fragment, appropriate for the full-length REV3L-N1, is detected by both anti-FLAG and anti-HA antibodies in the transfected HEK293 cells (Figure [1H](#F1){ref-type="fig"}, middle left panel, lane 3). Strikingly, we simultaneously detected a ∼70-kDa FLAG-tagged fragment and a ∼58-kDa HA-tagged fragment in the reporter-transfected cells (Figure [1H](#F1){ref-type="fig"}, lane 3 in middle left and right panels), indicating the existence of a proteolytic event of REV3L-N1 in these cells. More importantly, by taking advantage of a monoclonal antibody specifically recognizing N70 ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}), we detected a ∼70-kDa fragment in the lysates from two human cell lines and several mouse tissues (Figure [1I](#F1){ref-type="fig"} and [Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}). Significantly, levels of the 70-kDa protein were markedly reduced upon transduction of shREV3L virion in both HCT116 and IGR-OV1 cell lines (Figure [1I](#F1){ref-type="fig"}). Together, our data support that REV3L undergoes a previously-unrecognized proteolytic event in human cells.

REV3L is proteolytically cleaved in a sequence-dependent manner *in vivo* {#SEC3-2}
-------------------------------------------------------------------------

To localize the cleavage site, a series of REV3L N-terminal reporters were generated and transiently transfected into HEK293 cells (Figure [2A](#F2){ref-type="fig"}, left panel). The integrity of the relative REV3L truncations was analyzed by western blot using antibodies against the N-terminal 3xFLAG tag and the C-terminal HA tag. Analogous to the REV3L-N1 reporter, both a full-length REV3L truncation and a ∼70-kDa fragment are detected by an anti-FLAG antibody in cells transfected with REV3L-N2 (encoding N-terminal 553 a.a. of REV3L) or -N3 (encoding N-terminal 541 a.a. of REV3L) reporter (Figure [2A](#F2){ref-type="fig"}, right panel, lanes 4 and 5). In contrast, only a single fragment migrating slightly slower than N70 is detected by both antibodies in REV3L-N4 reporter (encoding N-terminal 520 a.a. of REV3L) transfected cells (Figure [2A](#F2){ref-type="fig"}, right panel, lane 6). These data suggest that the proteolytic cleavage site(s) of REV3L resides between residues 520 and 541.

![TASP1 cleaves human REV3L *in vivo*. (**A**) REV3L is proteolytically cleaved between a.a. 520--541. Left panel: Schematic of the 3xFLAG and HA doubly-tagged REV3L truncations that were transiently expressed in HEK293 cells. Orange box represents a 3xFLAG tag. Purple box represents an HA tag. Right panels: Whole cell lysates were assayed for 3xFLAG-tagged and HA-tagged REV3L truncations by western blot. β-actin was detected as a loading control. Vec, vector. (**B**) Determination of essential amino acids for the proteolytic cleavage of REV3L. Left panel: Schematic of alanine substitutions in the REV3L-N2 truncation. Cleavage-critical residues are highlighted in blue, whereas the alanine substitution is in red. Right panel: Whole cell lysates were subjected to western blot analysis as described in (A). (**C**) Overexpression of TASP1 facilitates cleavage of REV3L-N2 truncation in transient-transfection assays. The 3F-REV3L-N2 expression construct was transfected together with vector (Vec), wild-type (TASP1-WT) or mutant (TASP1-Mut) TASP1 expression constructs in HEK293 cells. Forty eight hours after transfection, cleavage products (top panel) and TASP1 (middle panel) were monitored by western blot. Mock-transfected HEK293 cells were used as a negative control for anti-FLAG immunoblotting. MCM3 was detected as a loading control. (**D**) D525 and G526 are essential for the cleavage of REV3L-N2 by TASP1 *in vivo*. 3F-REV3L-N2 mutants were transfected together with either vector or wild-type TASP1 (TASP1-WT) in HEK293 cells, and cleavage products were analyzed as described in (C). (**E**) Depletion of endogenous TASP1 suppresses cleavage of REV3L-N2 in HeLa cells. HeLa-3F-REV3L-N2 cells, stably expressing 3F-REV3L-N2 truncation, were treated with either control (siNC) or TASP1 siRNA (siTASP1) for 2, 3 or 4 days. Cleavage products (top panel), active TASP1 α28 (middle panel) and MCM3 (bottom panel) were monitored as described in (C). HeLa cells were used as the negative control for anti-FLAG immunoblotting. (**F**) Exogenous TASP1 rescues cleavage of REV3L-N2 in TASP1 siRNA-treated HeLa cells. TASP1 siRNA were transfected together with vector, wild-type or mutant TASP1 expression constructs in HeLa-3F-REV3L-N2 cells for 3 days. Cleavage products (top panel), TASP1 (middle panel) and MCM3 (bottom panel) were examined as described in (C). (**G**) Depletion of TASP1 suppresses cleavage of endogenous REV3L in HCT116-3F-REV3L cells. Cleavage of endogenous 3F-REV3L was examined in cells transduced by either control (shNTC) or TASP1 (shTASP1) shRNAs for 4 days. N70 (top panel), active TASP1 α28 (middle panel) and MCM3 (bottom panel) were monitored as described in (C).](gkaa096fig2){#F2}

We next wished to precisely determine the amino acid requirement for REV3L cleavage in transient-transfection assays by utilizing sequential 7-aa substitutions followed by alanine scanning mutagenesis, covering residues from 521 to 540 in the REV3L-N2 reporter. Our data show that a single alanine substitution at residue Q523, L524, D525, G526 or D529 markedly blocks the cleavage of REV3L-N2 (Figure [2B](#F2){ref-type="fig"}, right panel, lanes 4--7 and lane 9), indicating that the Q-L-D-G-T-A-D motif is critical for the proteolytic cleavage of REV3L-N2 truncation *in vivo*.

TASP1 is the protease responsible for the proteolysis of human REV3L at the Q-L-D-G-T-A-D motif {#SEC3-3}
-----------------------------------------------------------------------------------------------

Notably, the Q-L-D-G-T-A-D motif virtually contains a known cleavage site (QLD/G) of TASP1, a *t*hreonine *asp*artase ([@B33],[@B38],[@B39]). We thus asked whether TASP1 is the protease responsible for REV3L cleavage at the Q-L-D-G-T-A-D motif. In agreement with this hypothesis, the cleavage of REV3L-N2 is sharply increased in HEK293 cells overexpressing the wild-type human TASP1, but not the TASP1-T234A mutant deficient in autoproteolysis of the TASP1 proenzyme into the active α-β heterodimer ([@B33]) (Figure [2C](#F2){ref-type="fig"}). TASP1 overexpression also significantly enhances the cleavage of Q523A, L524A, T527A and D529A mutants to various degrees (Figure [2D](#F2){ref-type="fig"}, lanes 7, 8, 11 and 12 in comparison with lanes 1, 2, 5 and 6), whereas neither D525A nor G526A mutant is cleaved even in the presence of excessive TASP1 (Figure [2D](#F2){ref-type="fig"}, lanes 9 and 10 in comparison with lanes 3 and 4). These data indicate that residues D525 and G526 are absolutely required for the cleavage of REV3L-N2 by TASP1, in agreement with reports that TASP1 specifically cleaves its substrate after an aspartate residue and both aspartate and the following glycine are essential for TASP1-mediated cleavage at the QLD/G motif of MLL ([@B33],[@B39],[@B40]).

To ask whether endogenous TASP1 is capable for REV3L-N2 cleavage, we utilized an RNA interference approach to deplete TASP1 in HeLa cells stably expressing REV3L-N2. Cells were transfected with either TASP1 (siTASP1) or control (siNC) siRNA duplex and analyzed for TASP1 protein levels as well as the cleavage of REV3L-N2 at different time points following transfection. Concomitant with the depletion of TASP1 (Figure [2E](#F2){ref-type="fig"}, middle panel, lanes 3, 5 and 7), cells transfected with the siTASP1 but not the siNC exhibit a marked decrease in the protein levels of the cleaved REV3L-N2 (Figure [2E](#F2){ref-type="fig"}, top panel, lanes 3, 5, 7 in comparison with lanes 2, 4, 6). Importantly, overexpression of exogenous TASP1 not only rescues but significantly enhances the cleavage of REV3L-N2 in the siTASP1-transfected HeLa-3F-REV3L-N2 cells (Figure [2F](#F2){ref-type="fig"}, lane 4 in comparison with lanes 2 and 3). In contrast, overexpression of the TASP1-T234A mutant has no discernible effects on the cleavage of REV3L-N2 in these cells (Figure [2F](#F2){ref-type="fig"}, lane 5 in comparison with lane 3).

To assess whether TASP1 is indeed responsible for the cleavage of endogenous REV3L in human cells, we introduced either a TASP1 (shTASP1) or control (shNTC) shRNA expression cassette into HCT116-3F-REV3L cells by lentiviral transduction. Stable expression of shTASP1, but not the control shNTC, sharply decreases the protein level of the active TASP1 α28 in HCT116-3F-REV3L cells (Figure [2G](#F2){ref-type="fig"}, middle panel, lanes 2 and 3 in comparison with lane 1). Concomitantly, the cleavage of the endogenous 3F-REV3L is markedly impaired upon TASP1 depletion, reflected in a significant decrease in the steady-state levels of the N-terminal cleavage product N70 in the shTASP1-virion transduced cells in comparison with those in the shNTC-virion transduced cells (Figure [2G](#F2){ref-type="fig"}).

To obtain direct evidence that REV3L is a substrate of TASP1, we set out to establish an *in vitro* cleavage assay by using recombinant human TASP1 proteins, both wild-type and the T234A mutant, and an N-terminal GST-tagged REV3L truncation N5 (residues 327--553) carrying the Q-L-D-G-T-A-D motif essential for REV3L proteolytic cleavage *in vivo* (Figure [3A](#F3){ref-type="fig"}). Consistent with the necessary and sufficient role of TASP1 on REV3L cleavage *in vivo*, the recombinant wild-type TASP1 directly proteolyzes REV3L-N5 in a dose-dependent manner *in vitro* (Figure [3B](#F3){ref-type="fig"}, lanes 2--6). The cleavage of REV3L-N5 by TASP1 is specific because the recombinant TASP1-T234A mutant, even presented at a high protein concentration and for an extended incubation time, is unable to cleave REV3L-N5 *in vitro* (Figure [3B](#F3){ref-type="fig"}, lanes 7--11; Figure [3C](#F3){ref-type="fig"}, bottom panel). We also found that, analogous to what was observed in the aforementioned transient-transfection assays, amino acid substitution of either D525 or G526 with alanine on REV3L-N5 completely abolishes its cleavage by TASP1 *in vitro* (Figure [3D](#F3){ref-type="fig"}, middle two panels). In contrast, the N5-TD527,529AA mutant is cleaved in the presence of excessive TASP1 (Figure [3D](#F3){ref-type="fig"}, bottom panel). These data, together with the above *in vivo* studies, unequivocally show that TASP1 is the primary protease for the cleavage of REV3L within the Q-L-D-G-T-A-D motif.

![TASP1 directly cleaves human REV3L-N5 truncation *in vitro*. (**A**) Colloidal blue staining of recombinant proteins purified from *E. coli*. An unknown protein copurified with REV3L-N5 is indicated by an asterisk. The autoproteolyzed TASP1 fragments are indicated. (**B**) Dose-dependent cleavage of REV3L-N5 by TASP1 *in vitro*. 1.8 μg of GST-REV3L-N5 was incubated with 0, 50, 100, 200 or 400 ng of the wild-type TASP1 (TASP1-WT) or the TASP1-T234A mutant (TASP1-Mut) at 37°C for 30 mins. Samples were then resolved by 10% SDS-PAGE. All proteins used are recombinant proteins purified from *E. coli*. The amount of TASP1 in each reaction was monitored by western blot using an anti-TASP1 antibody (bottom panel). (**C**) Time course of TASP1-mediated cleavage of REV3L-N5 *in vitro*. 1.8 μg of GST-REV3L-N5 was incubated with 400 ng TASP1-WT or TASP1-Mut at 37°C for the indicated times. (**D**) D525 and G526 are essential for the cleavage of REV3L-N5 by TASP1 *in vitro*. The indicated amounts of TASP1-WT were incubated with 1.8 μg of GST-tagged wild-type REV3L-N5 (N5-WT), N5-D525A, N5-G526A and N5-TD527,529AA mutants, respectively. Reactions were performed at 37°C for 30 min and resolved by 10% SDS-PAGE.](gkaa096fig3){#F3}

Cleavage products form a post-cleavage complex in human cells {#SEC3-4}
-------------------------------------------------------------

Intriguingly, by employing MS analysis, we detected 30 tryptic peptides that match the sequences of REV3L from the polypeptides immunoprecipitated by an anti-FLAG antibody from the nuclear extract of HCT116-3F-REV3L cells (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). Among them, 8 peptides map to a region within N70 (between residues 85 and 398, referred to as Region-1), whereas the remaining 22 peptides map to a region overlapping with the main part of the polymerase catalytic domain of REV3L within the C-terminus of REV3L (residues 2211--3073, referred to as Region-2). As a control, none of the REV3L-relative peptides are detected by MS in the polypeptides enriched by the anti-FLAG antibody from the nuclear extract of HCT116 cells (data not shown).

![Both cleaved fragments of REV3L form a post-cleavage complex and synergistically function in alleviating cisplatin-induced replication stresses and genomic instability. (**A**) Top panel: A diagram showing REV3L functional domains. Lower-left panel: The strategy for purification of N70-associated proteins from the nuclear extract of HCT116-3F-REV3L cells. Lower-right panel: Sequences of tryptic peptides detected by MS are shown in red letters. The N70 sequence is highlighted in yellow, whereas the C-terminal polymerase catalytic domain of REV3L is highlighted in cyan. (**B**) A summary of the MS-detected tryptic peptides. (**C**) The C-terminal catalytic domain of human REV3L interacts with N70 in HEK293 cells. Schematic representation of 3xFLAG-tagged (3F-C) and HA-tagged REV3L (HA-N) truncations transiently expressed in HEK293 cells is shown in (A). Thirty-six hours after transfection, whole cell lysates were subjected to reciprocal Co-IP analyses using anti-FLAG and anti-HA antibodies. The levels of indicated proteins in lysates (top panel) and Co-IP samples (lower-left and lower-right panels) were monitored by immunoblotting. A non-specific band detected by anti-FLAG antibody in HA-IPed samples is indicated by an asterisk. (**D**) The N-terminal cleavage product of 3xFLAG-tagged REV3L is associated with components of Pol ζ4 complex in HCT116-3F-REV3L cells. The indicated proteins in lysates and Co-IP samples were detected by western blot. (**E**) Expression of FLAG-tagged REV3L variants was monitored by western blot. A doxycycline-inducible FLAG-tagged REV3L-N485 truncation expression cassette was stably integrated into HCT116-3F-N-tru cells by lentiviral transduction. Cells were grown in the presence or absence of 1 μg/ml doxycycline (DOX) for 24 h prior to harvest. β-actin was detected as a loading control. Lysates from HCT116 and HCT116-3F-REV3L cells were used as controls for anti-FLAG immunoblotting. (**F**) Phosphorylation of Chk1, RPA2, and H2AX was monitored by western blot at 24 h following a 2-h exposure to cisplatin at the indicated doses in HCT116-3F-REV3L-N-tru cells with (+DOX) or without (--DOX) doxycycline-induced 3F-REV3L-N485 expression.](gkaa096fig4){#F4}

Because steady-state levels of the full-length REV3L are at least two orders of magnitude less than those of its N-terminal cleavage product N70 in the nuclear extract of HCT116-3F-REV3L cells ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}), we infer that the MS-detected peptides mapped to the Region-2 of REV3L are not derived from the trace amount of the full-length REV3L that might exist in the nuclear extract of HCT116-3F-REV3L cells. Instead, peptides from Region-2 are most likely derived from the C-terminal proteolytic products of REV3L co-purified with the 3xFLAG-tagged N70 from the nuclear extract. These results thus raise a possibility that after cleavage, N70 remains associated with the C-terminal cleavage product that carries a conserved polymerase catalytic domain. Consistently, the interaction between N70 and the C-terminal catalytic domain is substantiated by reciprocal Co-IP experiments performed in HEK293 cells coexpressed with both a HA-tagged N70 and a 3xFLAG-tagged REV3L C-terminal fragment (Figure [4C](#F4){ref-type="fig"}, lanes 4\' and 4\" in lower panels). Moreover, REV7, a regulatory subunit of Pol ζ, and two accessory subunits of Pol δ, Pol D2 and Pol D3, can be coimmunoprecipitated with the 3xFLAG-tagged N70 from the nuclear exact of HCT116-3F-REV3L cells but not from HCT116 cells (Figure [4D](#F4){ref-type="fig"}). It has been documented that REV3, together with REV7, Pol D2 and Pol D3, forms a four-subunit Pol ζ4 complex, and Pol ζ4 complex formation is critical for the TLS activity of Pol ζ both *in vitro* and *in vivo* ([@B9],[@B41]). Since it has been well established that the REV7-binding motifs locate within the C-terminal region of REV3L ([@B10]), these data unexpectedly reveal that after cleavage, the two REV3L cleavage products remain associated and participate in a functionally-active Pol ζ4 complex.

A physical link between N70 and Pol ζ4 complex implies a role of the cleaved N70 fragment for REV3L function. To test this idea, we introduced an expression cassette of the REV3L N-terminal fragment N485 (containing the extreme N-terminal 485 residues), driven by a tet-inducible promoter, into a stable HCT116 derivative that constitutively expresses a FLAG-tagged REV3L N-terminal truncation (N-tru, containing residues 526--3130, identical to the C-terminal cleavage product of REV3L) by lentiviral transduction (Figure [4E](#F4){ref-type="fig"}, lanes 3 and 4). Strikingly, the expression of REV3L N485 fragment markedly represses levels of the phosphorylated RPA2 at residue Threonine (Thr) 21 and H2AX at Serine (Ser) 139 (γ-H2AX) following a 2-h cisplatin exposure at various doses (Figure [4F](#F4){ref-type="fig"}, lanes 4, 6 and 8 in comparison with lanes 3, 5 and 7). In contrast, ectopic expression of REV3L N-terminal fragments only has a marginal effect on the cisplatin-induced phosphorylation of both proteins in HCT116 cells and cells with depleted REV3L ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). The phosphorylation of RPA2 (Thr21, Ser33) is specifically modified by ATR to signal the presence of replication stress ([@B42]). Levels of γ-H2AX, a marker of double-strand DNA breaks (DSBs) ([@B43]), reflect negative impacts of cisplatin-induced replication stresses on genome integrity. These results, together with the fact that the N-terminal cleavage product is involved in a functionally-active Pol ζ4 complex, support that both cleavage products synergistically function in preventing cisplatin-induced replication stresses and genomic instability in HCT116 cells.

Full-length REV3L undergoes K48-linked poly-ubiquitination and proteasomal degradation {#SEC3-5}
--------------------------------------------------------------------------------------

The above studies uncover a sequence-dependent proteolytic event involved in the post-translational processing of human REV3L. Since TASP1 is involved in the maturation of a group of nuclear transcription factors that are critical for cell growth and proliferation in mammals ([@B33],[@B44],[@B45]), we decided to address the role of the TASP1-mediated REV3L proteolysis in human cells by generating a derivative of HCT116-3F-REV3L cells bearing defined point mutations at both alleles of the *REV3L* gene that lead to alanine substitutions at the Q-L-D-G-T-A-D motif of REV3L. Mutations were introduced by CRISPR/Cas9n-mediated genome editing (Figure [5A](#F5){ref-type="fig"}). The positive colonies were first identified by restriction mapping and then verified by sequencing a 182-bp region flanking the mutated nucleotides at the *REV3L* locus (Figure [5B](#F5){ref-type="fig"}--[D](#F5){ref-type="fig"}). Considering the detrimental effect of REV3L inactivation on cell growth ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}), we initially set out to establish a derivative of HCT116 cells, expressing a cleavage-deficient REV3L mutant carrying two alanine substitutions at T527 and D529. As expected, while no significant difference is found on the rates of cell growth and proliferation between the TD527, 529AA mutant cells (3F-TD-Mut) and the cells carrying the wild-type *REV3L* gene (3F-WT) ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}), two alanine substitutions result in a sharp decrease in the cleavage product N70 in the mutant cells (Figure [5E](#F5){ref-type="fig"}), consistent with the critical role of D529 in REV3L cleavage. Strikingly, while the nucleotide substitutions have no observable effect on the steady levels of the *REV3L* mRNA in mutant cells (Figure [5F](#F5){ref-type="fig"}), a sharp decrease in the cleavage product N70 does not proportionally accompany an increase in the full-length REV3L proteins in the cleavage-deficient TD527, 529AA mutant cells. As compared to the cleavage-competent wild-type cells, the total amount of FLAG-tagged REV3L proteins in mutant cells is markedly decreased (Figure [5E](#F5){ref-type="fig"}). This raised a possibility that the full-length REV3L may have a significantly shorter half-life than N70. However, to our surprise, a 24-h proteasome inhibitor MG132 treatment resulted in a marked increase in the abundance of the cleavage product N70, but not the full-length protein in the TD527,529AA mutant cells ([Supplementary Figure S8A](#sup1){ref-type="supplementary-material"}). Paradoxically, MG132 treatment has no observable effect on the stability of N70 in wild-type HCT116-3F-REV3L cells (Figure [6A](#F6){ref-type="fig"}, bottom panel).

![Alanine substitutions at the Q-L-D-G-T-A-D motif significantly decrease the abundance of REV3L in HCT116 cells. (**A**) A schematic illustration of the strategy for establishing a REV3L-TD527,529AA mutant cell line by CRISPR/Cas9n-mediated genome engineering approach. The locations of the gRNAs and ssODN are indicated. Blue bars and letters indicate the positions of the gRNA targets with green bars highlighting the PAM sequences. The substituted nucleotides in ssODN are shown in red letters. The deduced amino acid sequences from wild-type (WT) and mutated sequences are shown at the bottom, with red letters indicating nucleotide and amino acid substitutions. A *Ban*I site resulting from nucleotide substitutions is highlighted by a yellow box. (**B**) Strategy for genotyping by genomic DNA PCR and *Ban*I restriction-fragment length polymorphism (RFLP) analyses. (**C**) Results of *Ban*I RFLP analyses of representative cell lines with (3F-TD-Mut) or without (3F-WT) TD527,529AA substitutions in the *REV3L* locus. A 182-bp region surrounding the gRNA target site was PCR amplified from the genomic DNAs. PCR products were subjected to *Ban*I digestion. Sizes of fragments are indicated. (**D**) Sequences of the PCR fragment from the 3F-TD-Mut cell line as shown in (C). The substituted nucleotides are underlined. (E, F) Both cleavage and the steady levels of REV3L are markedly decreased in cells with biallelic substitutions. Cells were assayed for the indicated proteins and mRNAs by western blot (**E**) and RT-PCR (**F**), respectively. (**G**) Schematic of a two-step genome targeting strategy for establishing a heterozygous REV3L-D525A mutant cell line. Green circle: *loxP* site. Red asterisk: defined mutations. Brown box: splice acceptor site. (**H**) Genotyping by genomic DNA PCR. Locations of PCR primers are indicated in (G). (**I**) The sequencing result of the RT-PCR fragment derived from the total RNAs of a HCT116-3F-REV3L-D525A mutant cell line. The expected sequences of the RT-PCR products from the WT allele and the mutant allele, together with their encoding amino acids, are presented. The substituted nucleotides are highlighted in red. Heterozygous peaks (double peak) are indicated by red asterisks. (J--K) Cells were assayed for the indicated mRNAs and proteins by RT-PCR (**J**) and western blot (**K**), respectively. The relative abundances of 3xFLAG-tagged REV3L-D525A-Mut and N70 proteins in (K) are quantified by ImageJ and plotted as indicated in right panel of (K). Error bars represent standard deviations from three independent experiments. *P* values were determined using two-tailed Student\'s *t-*test. \*\*\**P*\< 0.0001, *t* = −254.14, df = 2.](gkaa096fig5){#F5}

![The full-length REV3L undergoes ubiquitination and proteasome-mediated degradation. (**A**) Full-length REV3L protein undergoes proteasome-mediated degradation. The indicated protein in HCT116-3F-REV3L-D525A-Mut (het) and HCT116-3F-REV3L (het) cells was monitored by western blot. (**B**) The relative abundances of 3xFLAG-tagged REV3L-D525A-Mut and N70 proteins in (A) (lanes 2--6) are quantified by ImageJ. Error bars represent standard deviations from three independent experiments. Diamond, 3F-REV3L-D525A mutant. Square, 3F-REV3L-N70. (**C**) REV3L-D525A mutant protein is conjugated with K48-linked poly-ubiquitin chains. The indicated proteins in Input and anti-FLAG IPs from HCT116 and HCT116-3F-REV3L-D525A-Mut cells were analyzed by immunoblotting analyses (IB). Ub(FK2) IB: detect K29-, K48-, K63-linkage specific ubiquitination. Ub(K48) IB: detect K48-linkage specific ubiquitination. (**D**) Full-length wild-type REV3L undergoes K48-linked poly-ubiquitination. The indicated protein levels in Input and anti-FLAG IPs were assessed by IB analyses as described in (C). (**E**) IB analyses of whole cell lysates (WCL) and His pull-down products derived from HCT116-3F-REV3L cells transfected with plasmids expressing His8-HA-tagged ubiquitin or ubiquitin-K48 or −7R mutant as indicated. His pull-down analyses were performed in the presence of 6 M guanidine hydrochloride.](gkaa096fig6){#F6}

Considering that T527A and D529A mutations impair but do not completely abolish REV3L cleavage, we reasoned that an increase in the amount of the cleavage product N70 could also result from an elevated stability of the full-length protein in the MG132-treated mutant cells. To clarify this possibility, we decided to establish a completely cleavage-inactive REV3L mutant cell line by substituting the essential cleavage residue D525 with an alanine in the endogenous *REV3L* gene in HCT116 cells. A two-step genome engineering strategy was applied to introduce defined point mutations at one of the *REV3L* alleles in the heterozygous (het) HCT116-3F-REV3L cell line, which led to two alanine substitutions at residues D525 and T527 of REV3L (Figure [5G](#F5){ref-type="fig"}). Successful targeting was verified by both genomic DNA PCR and sequencing a 374-bp region flanking the mutated nucleotides in the *REV3L* cDNA (Figure [5H](#F5){ref-type="fig"} and [I](#F5){ref-type="fig"}). To facilitate detection of REV3L-D525A mutant protein, only the HCT116-3F-REV3L-D525A-mut cells, which bear mutations at the *REV3L* allele carrying the 3xFLAG tag coding sequences, were used in the subsequent experiments.

The aforementioned *in vivo* and *in vitro* studies have established that the D525 residue is essential for REV3L cleavage. In keeping with this notion, the amount of the cleavage product N70 was reduced to levels undetectable by western blot in REV3L-D525A mutant(het) cells (Figure [5K](#F5){ref-type="fig"}, line 3, [Supplementary Figure S8B](#sup1){ref-type="supplementary-material"}, lane 4). While the steady-state levels of *3F-REV3L* mRNA are comparable in both cell lines (Figure [5J](#F5){ref-type="fig"}, lane 3 in comparison with lane 2), the total amount of FLAG-tagged REV3L protein in D525A mutant cells is markedly reduced to only around 16% of that in parental HCT116-3F-REV3L(het) cells (Figure [5K](#F5){ref-type="fig"}), reminiscent of the cleavage-deficient TD527, 529AA mutant cells.

To assess the impact of REV3L cleavage on its protein stability, the half-life of both the cleavage-inactive D525A mutant and the cleavage product N70 of wild type REV3L was determined by blocking *de novo* protein synthesis with cycloheximide (CHX) for different times. As shown in Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}, the full-length REV3L-D525A mutant is profoundly less stable than the cleavage product N70 of the wild type REV3L. More importantly, MG132 treatment markedly stabilizes the full-length REV3L-D525A protein in the mutant cells (Figure [6A](#F6){ref-type="fig"}, top panel), but not the cleavage product N70 in parental HCT116-3F-REV3L(het) cells (Figure [6A](#F6){ref-type="fig"}, bottom panel).

The above data suggest that the stability of non-cleavable REV3L-D525A mutant is negatively regulated by the ubiquitin-proteasome system. Indeed, we found that non-cleavable REV3L-D525A proteins immunopurified from the MG132-treated mutant cells under denaturing conditions (in the presence of 1 M urea), carry K48-linkage-specific poly-ubiquitin chains (Figure [6C](#F6){ref-type="fig"}, lane 4 in the middle and bottom panels). Compatible with the conjugation of poly-ubiquitin chains to the mutant proteins, the ubiquitinated REV3L-D525A proteins migrate significantly slower than the main band of the FLAG-tagged mutant proteins on SDS-PAGE (Figure [6C](#F6){ref-type="fig"}, lane 4 in the middle and bottom panels in comparison with the corresponding lane in the top panel).

To clarify whether the ubiquitination of REV3L-D525A mutant would be attributed to alanine substitutions, we immunopurified REV3L proteins from the extracts derived from the MG132-treated wild type HCT116-3F-REV3L cells. Of note, K48-linked poly-ubiquitin conjugates were also detected on the wild-type full-length REV3L proteins immunopurified under denaturing conditions (Figure [6D](#F6){ref-type="fig"}, lanes 5′ and 5″). In keeping with the modification of the non-cleaved wild type REV3L proteins with K48-linked ubiquitin chains, the full-length wild type REV3L protein in MG132-treated HCT116-3F-REV3L cells can be pulled down under harsh denaturing conditions (in the presence of 6 M guanidine hydrochloride) by an ectopically expressed His8-HA-tagged wild-type or mutant ubiquitin that bears arginine substitutions at all lysine (K) residues except K48 (K48), but not by one bearing arginine substitutions at all 7 K residues (7R) (Figure [6E](#F6){ref-type="fig"}, lanes 6 and 7 in comparison with lane 8). Moreover, similar to what was observed for the immunopurified REV3L, the His8-HA-ubiquitin pulled-down REV3L species show a significantly slower SDS-PAGE migration than the main band of the full-length proteins (Figure [6E](#F6){ref-type="fig"}, lanes 6 and 7). These data, together with the well-established notion that K48-linked poly-ubiquitin chains are targeted for proteasomal degradation ([@B46]), strongly support that the full-length REV3L, both wild-type and the D525A mutant, is a labile protein targeted for K48-linked poly-ubiquitination and proteasomal degradation, suggesting that TASP1-mediated proteolysis plays an indispensable role in protecting REV3L from the ubiquitin-proteasome system in human cells.

Cellular responses to UV- and cisplatin-induced DNA lesions are significantly impaired in cleavage-defective REV3L mutant cells {#SEC3-6}
-------------------------------------------------------------------------------------------------------------------------------

To further assess the biological significance of the REV3L proteolytic event identified in the above studies, we first set out to define biological consequences of a lack of REV3L in HCT116 cells. To this end, we took advantage of a *REV3L* conditional knockout HCT116 derivative, in which the transcription of both *REV3L* alleles is driven by a tetracycline (tet)-inducible promoter ([Supplementary Figure S9D and S9E](#sup1){ref-type="supplementary-material"}). Thus, expression of REV3L could be simply repressed by withdrawal of doxycycline (dox) from the medium in this line ([Supplementary Figure S10A](#sup1){ref-type="supplementary-material"}). Consistent with a well-defined TLS activity of Pol ζ in bypassing UV- and cisplatin-induced DNA damage ([@B1],[@B2]), our data indicate that inactivation of REV3L severely impairs cellular response to UV- and cisplatin-induced DNA lesions in HCT116 cells. First, by carefully examining the accumulation of nuclear RPA foci at different time points following UV irradiation, we found that UV irradiation-induced nuclear RPA foci accumulate faster and disappear much more slowly in REV3L-depleted cells than in cells with REV3L expression, indicating that REV3L activity is critical for alleviating UV damage-induced replication stress in human cells ([Supplementary Figure S10B](#sup1){ref-type="supplementary-material"}). Second, depletion of REV3L severely impairs the relief of replication stresses resulting from cisplatin-induced DNA lesions, reflected in the appearance of persistent phosphorylation of both Chk1 at Ser317 and RPA2 at Thr21 at 6, 12 and even 24 h after a 2-h exposure to 4 μM cisplatin in REV3L-depleted cells ([Supplementary Figure S10C](#sup1){ref-type="supplementary-material"}, lanes 8--12). In contrast, only marginal levels of the phosphorylation of both proteins was detected in REV3L-competent cells at all tested time points following a cisplatin exposure ([Supplementary Figure S10C](#sup1){ref-type="supplementary-material"}, lanes 2--6). Concomitant with the accumulation of extensive replication stresses following a cisplatin exposure, inactivation of REV3L also poses negative impacts on genome integrity, reflected by a significant increase in levels of γ-H2AX in the REV3L-depleted cells after a cisplatin exposure as compared with those in the REV3L-expressed cells ([Supplementary Figure S10C](#sup1){ref-type="supplementary-material"}). In addition, depletion of REV3L also causes a ∼79% reduction in mutation frequency of the UV-irradiated pSP189 plasmids replicated in HCT116 cells ([Supplementary Figure S10D](#sup1){ref-type="supplementary-material"}). This may reflect the fact that Pol ζ replicates damaged DNA with very low fidelity as its catalytic subunit REV3L lacks a proofreading exonuclease activity ([@B1]), and in agreement with some previous studies indicating that REV3L is responsible for the vast majority of UV-induced mutations in both yeast and human cells ([@B4],[@B5],[@B8],[@B26]).

By taking advantage of the above established biological consequences linked to REV3L inactivation in HCT116 cells, we next set out to assess whether cleavage is important for REV3L function by utilizing the cleavage-deficient REV3L-TD527,529AA-mutant (TD-mut) cells. We found that, in comparison with the cleavage-competent wild-type cells, both accumulation of UV-induced RPA foci (Figure [7A](#F7){ref-type="fig"} and [B](#F7){ref-type="fig"}, [Supplementary Figure S11](#sup1){ref-type="supplementary-material"}), and levels of the phosphorylated RPA2 in the mutant cells following UV irradiation and cisplatin exposures are significantly increased (Figure [7C](#F7){ref-type="fig"} and [D](#F7){ref-type="fig"}), supporting that a deficiency of cleavage significantly impairs the involvement of REV3L in alleviating UV- and cisplatin-induced replication stresses. Moreover, the *SupF* mutation frequencies of the pSP189 plasmid replicated in the TD-mutant cells are significantly reduced to levels comparable to those in the aforementioned REV3L-depleted cells (Figure [7E](#F7){ref-type="fig"}, [Supplementary Figure S10D](#sup1){ref-type="supplementary-material"}). Together, these data suggest a significant loss of REV3L activity in the cleavage-deficient TD-mut cells.

![Cellular responses to UV- and cisplatin-induced DNA lesions are impaired in cleavage-deficient REV3L-TD527, 529AA mutant cells. (**A**) RPA focus analyses in REV3L cleavage-competent (3F-WT) and cleavage-deficient (3F-TD-Mut) HCT116 cells at 6 h after UV irradiation at the indicated doses. Top panel: Representative images. Scale bar, 40 μm. Bottom panel: Quantitative analyses of cells with positive RPA foci. The number of cells scored for each condition is indicated. (**B**) Time-course analyses of accumulation (top panel) and clearance (bottom panel) of RPA foci in 3F-WT and 3F-TD-Mut cells following 5 J/m^2^ UV irradiation. For each cell line at each time point at least 100 cells were counted. Circle, 3F-WT cells. Square, 3F-TD-Mut cells. (**C**) Phosphorylation of RPA2 at T21 and S33 residues was monitored by western blot at the indicated time points following 5 J/m^2^ UV irradiation in HCT116 cells expressing wild-type (3F-WT) or mutant (TD-Mut) REV3L. Expression of RPA2 was determined as loading control. (**D**) Phosphorylation of Chk1, RPA2 and H2AX was monitored by western blot 24 h post-exposure to cisplatin at the indicated doses in wild-type or TD-Mut cells. Expression of Chk1, RPA2 and β-actin was determined as loading controls. (**E**) Mutation frequencies of UV damaged *sup F* plasmid (0, 500 or 1000 J/m^2^ UV-C irradiated), replicated in REV3L cleavage competent (3F-WT) and deficient (3F-TD-Mut) HCT116 cell derivatives, were determined. Replicated *supF* plasmids were isolated 48 h after transfection. The number of colonies scored for each condition is indicated. In all cases, data are presented as mean ± SD from three independent experiments. *P* values in (A) and (E) were determined using Pearson\'s Chi-squared test. \*\**P*\< 0.001, \*\*\**P*\< 0.0001.](gkaa096fig7){#F7}

To directly assess the biological consequence of a lack of REV3L cleavage, we set out to generate two HCT116 derivatives, R-REV3L-WT(het) and R-REV3L-CI-mut(het) cell lines (Figure [8A](#F8){ref-type="fig"} and [B](#F8){ref-type="fig"}, [Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). A fragment carrying a transcription termination signal, a tetracycline (tet)-inducible promoter and the sequences coding a 3xFLAG tag was integrated into one of the *REV3L* alleles in both lines, immediately upstream to the coding region of an endogenous *REV3L* gene ([Supplementary Figure S9D and E](#sup1){ref-type="supplementary-material"}). Defined point mutations, which lead to an alanine substitution at the essential cleavage residue D525 in REV3L, were simultaneously introduced into the second *REV3L* allele in the R-REV3L-CI-mut(het) cells ([Supplementary Figure S9A--C](#sup1){ref-type="supplementary-material"}), but not in the R-REV3L-WT(het) cells. Thus, the expression of the wild type FLAG-tagged REV3L could be simply repressed by withdrawal of dox from the medium in both lines (Figure [8C](#F8){ref-type="fig"}). This leads to an exclusive expression of non-tagged REV3L proteins, either wild-type or cleavage-inactive D525A mutant, derived from the *REV3L* gene that is under the control of an endogenous *REV3L* promoter in the relative lines.

![The activities of REV3L are markedly decreased in cleavage-inactive REV3L mutant cells. (A and B) Schematic of genome targeting strategies for establishing HCT116-R-3F-REV3L-CI-Mut(het) (**A**) and HCT116-R-3F-REV3L-WT(het) (**B**) cell lines. (**C**) Expression of 3xFLAG-tagged REV3L and β-actin was monitored by western blot in the indicated HCT116 derivatives. R-WT(het): HCT116-R-3F-REV3L-WT(het) cell. R-CI-Mut(het): HCT116-R-3F-REV3L-CI-Mut(het) cells. (**D**) Time-course analyses of accumulation of RPA foci in the indicated cells after 20 J/m^2^ UV irradiation. For each cell line at each time point at least 100 cells were counted. Curves for cells with (+DOX) or without (--DOX) induction of 3xFLAG-tagged wild type REV3L are shown in brown and blue, respectively. Triangle, R-WT(het) cells. Circle, CI-Mut-1-1 cells. Square, CI-Mut-1-2 cells. **(E)** Phosphorylation of Chk1 and RPA2 was measured by western blot at various time points after 5 J/m^2^ UV irradiation in the indicated cells. (**F**) Phosphorylation of Chk1, RPA2 and H2AX was monitored by western blot at various time points following a 2-h exposure to 4 μM cisplatin in the indicated cells. (**G**) Frequencies of micronuclei formation were quantified in the indicated cells following a 12-h exposure to 5 μM cisplatin. Data are presented as mean ± SD from three independent experiments. *P* values were determined using Pearson\'s Chi-squared test. \*\*\**P*\< 0.0001.](gkaa096fig8){#F8}

We next took advantage of these two cell lines to assess the activity of the cleavage-inactive REV3L-D525A mutant in alleviating UV- and cisplatin-induced replication stresses. As compared to the dox-withdrawn R-REV3L-WT(het) cells, a significant delay of the clearance of UV-induced RPA foci and phosphorylation of RPA2 and Chk1 proteins was observed in the dox-withdrawn mutant cells that solely express non-cleavable REV3L-D525A mutant proteins (Figure [8D](#F8){ref-type="fig"} and the right panel of Figure [8E](#F8){ref-type="fig"}), analogous to what was observed in the cleavage-deficient TD-Mut cells. In contrast, both RPA foci and the phosphorylation of RPA2 and Chk1 were eliminated at comparable rates in wild-type and mutant cells in the presence of dox (8D and the left panel of 8E).

Also consistent with a loss of REV3L activity in cells singly expressing D525A mutant, both accumulation of replication stresses and formation of DSBs were sharply increased in the dox-withdrawn mutant cells following a 2-h 4 μM cisplatin exposure as compared to those in the dox-withdrawn wild-type cells (Figure [8F](#F8){ref-type="fig"}, lanes 8′--12′ in comparison with lanes 8--12). Concomitant with an elevated level of DSBs formation, we also observed sharp increases in the frequency of micronuclei formation in the dox-withdrawn mutant cells following a 12-hr exposure to 5 μM cisplatin as compared to those of cells with wild-type REV3L expression (Figure [8G](#F8){ref-type="fig"}). Together, these data reveal a severe loss of REV3L activity in cells solely expressing non-cleavable REV3L-D525A mutant protein.

DISCUSSION {#SEC4}
==========

In this study, we report a previously-unrecognized proteolytic event of human REV3L. We further demonstrate that such a post-translational cleavage event prevents ubiquitination and degradation of human REV3L, and is indispensable for the function of REV3L involved in cellular response to UV- and cisplatin-induced DNA damage. These findings uncover a new means of modulating the abundance of REV3L through site-specific proteolysis in human cells.

Human REV3L is about twice as large as its yeast ortholog ([@B8]). Strikingly, the characterized Q-L-D-G-T-A-D motif, which is critical for REV3L proteolysis, is embedded in a region that is absent in its yeast counterpart. Our finding thus reveals a functional relevance of the human-specific sequence in modulating the expression of REV3L. It is noted that the Q-L-D-G-T-A-D motif sequence in REV3L remains identical from chicken to human and the N-terminal cleavage products naturally occur in various mouse tissues, suggesting that the site-specific proteolysis of REV3L is a conserved physiological event in metazoans. Given the importance of cleavage for the modulation of REV3L activity *in vivo* as revealed in this study, understanding whether and how REV3L cleavage is coordinated into cellular responses to various genotoxic stresses will be an attractive topic for future research.

The key aspect of our model is that REV3L undergoes a site-specific proteolytic event. Failure of this event results in ubiquitination and proteasome-mediated degradation of REV3L. Due to lack of an available antibody, we are unable to directly monitor the C-terminal cleavage product of REV3L. However, given the fact that the C-terminal fragment participates in a functionally-active Pol ζ4 complex ([@B9],[@B41]) and acts together with the N-terminal cleavage product N70 in response to cisplatin-induced DNA damage, we reason that the C-terminal cleavage product is very unlikely to be a labile protein, which warrants future in-depth study.

How might a proteolysis event protect REV3L from the ubiquitin--proteasome system? A short-lived protein targeted for the ubiquitin--proteasome system usually contains a degradation signal called a 'degron' ([@B49]). A degron comprises multiple determinants that have different roles in the degradation pathway. For instance, some sequences or structural elements within the degron determine the recognition of the ubiquitin--ligase complex, whereas one or multiple other residue(s) of the degron serves as an acceptor site(s) for the attachment of poly-ubiquitin chains. Hence, the TASP1-mediated cleavage may protect REV3L from the ubiquitin--proteasome system by interrupting the degron structure or by physically dissociating the conjugation site(s) of poly-ubiquitin chains from the element(s) required for ubiquitin--ligase complex recognition. Structural analysis of both full-length and cleaved REV3L variants, together with the characterization of the degradation signal and ubiquitin conjugation site(s), will provide necessary information to evaluate these possibilities in future in-depth studies.

TASP1 has a critical role in controlling cancer cell proliferation and apoptosis ([@B50]). It has been well established that TASP1 modulates a plethora of genetic programs through cleaving some nuclear transcription factors ([@B33],[@B45],[@B51]). This report uncovers a transcription-independent role of TASP1 in TLS-mediated DNA damage responses. Notably, analogous to depletion of TASP1 ([@B50]), disruption of REV3L expression results in growth inhibition and enhanced apoptosis in many human cancer cell lines, including HCT116 cells ([@B52]). An extensive body of evidence has indicated that continued cell proliferation in cancer relies heavily on replication stress responses ([@B53]). Thus, the idea that loss of TASP1 interferes with REV3L-mediated TLS and thereby induces sustained replication stress and impairments of cell proliferation remains an intriguing possibility. New insights gained from this study enhance our understanding of how TASP1 functions in human cells.
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